Abstract. Polydatin is a natural extract used in traditional Chinese medicine, which leads to a marked improvement in the microcirculation perfusion and enhances the animal myocardial contraction force. The present study aimed to determine whether an effective treatment of polydatin ameliorates the symptoms of collagen-induced arthritis (CIA), and also to explore the potential mechanism. Male DBA/1J mice were induced into CIA model mice. The administration of polydatin effectively suppressed CIA in mice. The serum levels of malondialdehyde (MDA), superoxide dismutase (SOD), tumor necrosis factor-α (TNF-α) and interleukin 1β (IL-1β) were effectively increased following the induction of CIA in the model mice compared with the control group. The elevated serum levels of MDA, SOD, TNF-α and IL-1β were markedly suppressed by the effective treatment of polydatin in CIA mice, compared with the CIA model group. However, an increase in the level of matrix metalloproteinase-9 (MMP-9) was markedly induced in the CIA mice compared with the control group. As compared with the CIA group, the expression of MMP-9 was substantially reduced by the effective treatment of polydatin. Taken together, the effective treatment of polydatin ameliorated the symptoms of CIA through an exertion of its antioxidative and anti-inflammatory effects, and also via activation of the expression of matrix metalloproteinase-9 (MMP-9) in mice.
Introduction
Rheumatoid arthritis (RA) is a chronic progressive autoimmune disease characterized by multi-joint synovial inflammation and the presence of a large number of T lymphocytes within the synovial tissue infiltrate. CD4 + T lymphocytes exert the predominant pathogenic role in the development of RA (1) . Previous studies have identified that, in the limb joints of a mouse RA model, the mice have the same T-cell receptor (TCR) Vβ clone type T cells. However, as the development of the disease progresses, the numbers of this type of clone T cell increase gradually, whereas those of other TCR Vβ clone type T cells are gradually reduced: Therefore, this T cell clone type may be associated with the pathological changes of arthritis (1) (2) (3) . Collagen-induced arthritis (CIA) is associated with pathogenetic and pathological changes that are similar to those of RA, and so CIA is often used as a model of human RA (4) .
The chemical name of polydatin is 3,4,5-trihydroxy stilbene-3-β-D-glycosidase; since there are three hydroxyl phenolic groups in the structure of polydatin, the compound readily reacts with oxidizing material and functions as an effective antioxidant, scavenging the effects of free radicals (5) . Polydatin is also a monomer, exerting antiviral and antibacterial effects, and it is a natural extract used in traditional Chinese medicine [it has been extracted from Japanese knotweed, Reynoutria Japonica (Houtt), in our School]. Post-lab studies of giant knotweed have determined that this plant possesses evident curative properties for the treatment of blood loss, burns and septic shock, and it may improve the survival rate of animals in a state of shock by improving the microcirculation perfusion and enhancing the animals' myocardial contractile force (5, 6) .
The present study aimed to determine whether an effective treatment of polydatin ameliorates the symptoms of CIA, and also to explore the potential mechanisms involved. The results have revealed, to our knowledge for the first time, that the effective treatment of polydatin ameliorates the symptoms of CIA through an exertion of its antioxidative and anti-inflammatory effects, and also via activation of the expression of matrix metalloproteinase-9 (MMP-9), in mice.
Materials and methods
Materials. Polydatin (purity ≥95%, as determined by high-pressure liquid chromatography; structure shown in Fig. 1 ), bovine collagen type II (CII), complete Freund's adjuvant (CFA), incomplete Freund's adjuvant (IFA), malondialdehyde (MDA), glutathione (GSH), tumor necrosis factor-α (TNF-α), interleukin-6 (IL-6), specific enzyme-linked Effective treatment of polydatin weakens the symptoms of collagen-induced arthritis in mice through its anti-oxidative and anti-inflammatory effects and the activation of MMP-9 immunosorbent assay kits and the caspase-3/9 fluorometric assay kit were acquired from Sigma-Aldrich (St. Louis, MO, USA).
Animals and induction of CIA.
Male DBA/1J mice (age, 6-7 weeks) were purchased from the laboratory of Shandong University (Shandong, China), housed in a controlled environment (22±2˚C, 12 h light/dark cycle) and provided with standard rodent chow and tap-water. Experiments involving the mice were performed in accordance with the Guide for the Care and Use of Laboratory Animals, adopted by The Second People's Hospital of Liaocheng City (Liaocheng, Shandong, China). Bovine CII (2 mg/ml), an equal volume of CFA and 2 mg/ml Mycobacterium tuberculosis H37Ra were mixed together. The mice were intradermally injected with 100 µl of the emulsion containing 100 µg CII, and subsequently were administered booster injections with 100 µg CII in IFA after 21 days of primary immunization.
Division into groups. Animals were randomly divided into five groups: i) Control group, in which the mice were intradermally injected with 0.5 ml normal saline; ii) CIA group, in which CIA mice were intradermally injected with 0.5 ml normal saline; iii) ʻpolydatin 15ʼ group, in which CIA mice were intradermally injected with 15 mg/kg polydatin for 24 h; iv) ʻpolydatin 30ʼ group, in which CIA mice were intradermally injected with 30 mg/kg polydatin for 24 h; v) and ʻpolydatin 45ʼ group, in which CIA mice were intradermally injected with 45 mg/kg polydatin for 24 h.
Evaluating CIA progression. Paw swelling was evaluated by measuring the thickness of two hind paws using a digital caliper. The severity of the arthritis was evaluated using a clinical scoring system on a scale of 0-4 for each paw: 0, no signs of arthritis; 1, swelling and/or redness in one joint; 2, swelling and/or redness in more than one joint; 3, swelling and/or redness in the entire paw; and 4, severe swelling of the entire paw with deformity and/or ankylosis. The total arthritis score produced a maximum score of 16, as the sum of each score of the four limbs.
Evaluating oxidative damage and reactive inflammation. The blood samples were collected from an intracardiac puncture and subsequently were centrifuged for 20 min at 2,000 x g at 4˚C (Heraeus Pico 17/21; Thermo Fisher Scientific, Inc., Waltham, MA, USA). The levels of MDA, GSH, TNF-α and IL-6 were analyzed using specific enzyme-linked immunosorbent assay kits in accordance with the manufacturer's protocol (Sigma-Aldrich).
Western blot analysis for MMP-9 and B-cell lymphoma 2 (Bcl-2)/ Bcl-2-associated X protein (Bax).
The arthritic tissue samples were collected and homogenized with 100 µl tissue lysis buffer (Beyotime Institute of Biotechnology, Nanjing, China) for 30 min on ice. Protein concentrations were determined using the bicinchoninic acid (BCA) method (Nanjing KeyGen Biotech Co., Ltd., Nanjing, China). An equal quantity of protein was dissolved in a 10% sodium dodecyl sulfate polyacrylamide gel for electrophoresis, and subsequently transferred onto fluoride membranes (0.22 mm; Bio-Rad Laboratories, Inc., Hercules, CA, USA). The fluoride membranes were blocked with 5% skim milk powder in Tris-buffered saline-Tween 20 for 1 h at room temperature and incubated with mouse monoclonal anti-MMP-9 (1:1,000; cat. no. sc-13520), mouse monoclonal anti-Bcl-2 (1:1,000; cat. no. sc-7382), mouse monoclonal anti-Bax (1:1,000; cat. no. sc-23959) and mouse monoclonal anti-β-actin (1:1,000; cat. no. sc-47778) antibodies (1:1,000; all purchased from Santa Cruz Biotechnology, Inc. (Dallas, TX, USA) overnight at 4˚C. Subsequently, the membranes were incubated with horseradish peroxidase (HRP)-conjugated goat anti-mouse secondary antibody (1:5,000; Beyotime Institute of Biotechnology; cat. no. A0216) and the bands were visualized using an enhanced chemiluminescence kit (Tianjin Sungene Biotech Co., Ltd.). Relative protein expression was determined using Quantity One software (version 4.62; Bio-Rad Laboratories, Inc.).
Evaluating caspase-3/9 activity. The arthritic tissue samples were collected and homogenized in 100 µl tissue lysis buffer (Beyotime Institute of Biotechnology) for 30 min on ice. Protein concentrations were determined using the BCA method (Nanjing KeyGen Biotech Co., Ltd.). An equal quantity of protein was evaluated using caspase-3/9 fluorometric assay kits, in accordance with the manufacturer's protocol (Sigma-Aldrich).
Statistical analysis. Data are expressed as the mean ± standard deviation, and compared by one-way analysis of variance using the least significant difference multiple-comparison test. SPSS 19.0 statistical software (IBM SPSS, Armonk, NY, USA) was used for the data analysis. P<0.05 was considered to indicate a statistically significant difference.
Results
Effective treatment of polydatin on CIA in mice. To evaluate the effects of polydatin on CIA in mice, the clinical arthritis score and hind-paw thickness were evaluated to determine the effectiveness of the treatment on CIA. These indexes were markedly higher compared with those of the control group, although the increases were reduced on treatment with polydatin in a dose-dependent manner. The difference was revealed to be statistically significant (P<0.01) following the treatment with 30 or 45 mg/kg polydatin for the measurement of the clinical arthritis score, and for the 45 mg/kg polydatin treatment alone in the case of the hind-paw thickness (Fig. 2) . Effective treatment of polydatin against oxidative damage in CIA mice. Subsequently, the effectiveness of polydatin as an antioxidant, working against oxidative damage in CIA mice, was examined. The levels of MDA and GSH were analyzed to evaluate the effectiveness of the treatment on CIA. In the CIA group mice, the MDA level was markedly increased, and that of GSH was markedly decreased, compared with the control group (Fig. 3) . However, the levels of MDA and GSH in CIA mice were markedly suppressed and promoted by pretreatment with 30 or 45 mg/kg polydatin compared with the model group (Fig. 3) .
Effective treatment of polydatin on reactive inflammation in CIA mice. The effectiveness of polydatin in preventing reactive inflammation in CIA mice was subsequently investigated. The serum levels of TNF-α and IL-1β were analyzed to evaluate the effectiveness of polydatin treatment on CIA. A marked elevation in the serum levels of TNF-α and IL-1β were observed in the CIA group mice compared with the control group (Fig. 4) . As expected, the elevation in the serum levels of TNF-α and IL-1β were significantly reduced on treatment with polydatin (30 or 45 mg/kg; P<0.01) compared with the model group (Fig. 4) .
Effective treatment of polydatin on MMP-9 in CIA mice. Subsequently, the effect of treatment of polydatin on MMP-9 was investigated in CIA mice. As shown in Fig. 5 , the induction of CIA markedly inhibited the protein expression of MMP-9 in CIA model mice compared with the control group. However, the addition of 30 or 45 mg/kg polydatin led to a marked increase in the protein expression of MMP-9 in CIA mice compared with the model group (Fig. 5) .
Effective treatment of polydatin on caspase-3/9 in CIA mice. The effectiveness of the treatment of polydatin against apoptosis in CIA mice was subsequently analyzed by measuring the activity of caspases-3 and 9. The induction of CIA markedly induced the activities of caspases-3 and 9 in the CIA model mice compared with the control group (Fig. 6) . Furthermore, the CIA-induced activities of caspases-3 and 9 were markedly suppressed on treatment with 30 or 45 mg/kg polydatin compared with the model group (Fig. 6) .
Effective treatment of polydatin on Bcl-2/Bax in CIA mice.
It is well known that the relative levels of Bcl-2/Bax provide an important indicator of apoptosis. In this experiment, the protein expression of Bcl-2 and Bax was analyzed by western blot analysis. Compared with the control group, the protein expression of Bcl-2 was markedly reduced, and that of the Bax was markedly increased, in CIA mice (Fig. 7) . However, treatment with 30 or 45 mg/kg polydatin significantly ameliorated the changes in the CIA model mice compared with the model group (P<0.01; Fig. 7 ).
Discussion
RA is a chronic systemic autoimmune disease, and its pathological basis is joint synovitis (4) . RA, of unknown etiology and with complex and varied clinical manifestations, can cause serious damage to human health (4). Type II collagen is a protein that is responsible for organization, predominantly existing in the articular cartilage and eye tissue (3, 7) . It is the protein that is featured predominantly in the composition of the articular cartilage. Damage to the joints results in the release of type II collagen, which stimulates an autoimmune response, and this is considered to be one of the mechanisms underpinning the development of RA (2,7). Through the release of type II collagen, mice are able to induce an autoimmune response, leading to the erosion of cartilage in type II collagen-mediated multi-arthritis, which is known as CIA (8) . The characteristics of CIA are similar in several ways to those of human RA, including synovitis, the formation of cartilage and subchondral pannus, inflammatory cell infiltration, the erosion of cartilage, bone resorption and remodeling, and so forth (9) . Therefore, CIA is regarded as a unique animal model of human RA, which is therefore widely used in studies on the mechanism of RA. In the present study, treatment with 30 or 45 mg/kg polydatin markedly inhibited the clinical arthritis score and hind-paw thickness in CIA mice.
Free radicals are involved in the occurrence and development of RA, in the process of synovial inflammatory lesions of the joints, and in bone destruction; additionally, free radicals are directly or indirectly involved in synovial membrane and bone injuries (8, 9) . All types of free radicals are involved in this process: Hydroxyl free radicals biodegrade proteoglycan, hypochlorous acid leads to the fracture of the collagen, and the capability of hydrogen peroxide to diffuse throughout the tissue leads to the inhibition of cartilage glycoprotein synthesis and obstruction of the synthesis of ATP. Hydrogen peroxide also exerts an effect on the glycolytic enzyme, glyceraldehyde-3-phosphate dehydrogenase, in the cartilage cells, accelerating proteolytic hydrolysis and mediating the degradation of the cartilage by free radicals (10) . The reactivity of hypochlorous acid, O 2 -and vitamin C has a great influence on the function of cartilage, resulting in a reduction in the vitamin C content in joint synovial fluid. Activated phagocytes produce reactive oxygen species, which are able to alter the immunofluorescent properties of immunoglobulin G (IgG), leading to the further activation of phagocyte fluorescent protein polymers (11, 12) . The degeneration of IgG inhibits rheumatoid factor, directly resulting in the generation of C-reactive protein (12) . This type of reaction manifests itself in the rheumatoid joints in the long term, demonstrating that free radicals exert an important role in the process of chronic inflammation (13) . In the present study, the effective treatment of 30 or 45 mg/kg polydatin markedly reduced oxidative damage in CIA mice. Ji et al (14) demonstrated that treatment with polydatin ameliorates blood-brain barrier permeability through suppression of oxidative stress in the permanent middle cerebral artery occlusion rat brain (14) . In agreement with previous studies, a study by Miao et al (15) demonstrated that polydatin protects against ischemia/reperfusion injury through antioxidative stress mechanisms (15) . The findings in the present study have also revealed that the effectiveness of polydatin as an antioxidative agent has an important role in RA treatment.
RA is a type of chronic, systemic autoimmune disease which has the predominant feature of symmetrical polyarthritis, and anti-inflammatory analgesic symptomatic treatments, which would delay the development of the disease, offer the major therapeutic options (2, 16) . Local inflammation of the joints is a key link in the process of its pathogenesis; bone loss or damage caused by inflammation is the result of changes to the joints in RA, and symptoms of pain associated with joint swelling are often the most severe symptoms of which the patient complains (9) . Therefore, inhibiting the inflammation has become one of the predominant targets of the clinical treatment (16) . In the present study, the administration of polydatin (30 or 45 mg/kg) markedly ameliorated reactive inflammation in CIA mice. In a previous study, Chen et al (17) elucidated that the effective treatment of polydatin elicited prominent nephroprotective activities via oxidative stress and inflammatory responses in fructose-induced urate nephropathic mice. Lou et al (18) provided evidence that polydatin inhibits nitric oxide and prostaglandin E 2 production in lipopolysaccharide-stimulated RAW 264.7 cells, and also exerts potent anti-inflammatory activity in macrophages. These results suggested that the effective treatment of polydatin against RA is associated with its anti-inflammatory response in CIA mice.
MMPs are responsible for the degradation of one or several types of extracellular matrix, belonging to the zinc-dependent peptidase enzyme family (19) . Previous studies have shown that the degradation of the extracellular matrix that is associated predominantly with collagenous connective tissue may promote pannus hyperplasia, leading to the destruction of the cartilage, ligaments and bone, and the gelatinases, MMP-2 and MMP-9, are very closely associated with the collagenous connective tissue reaction (19, 20) . MMP-9 acts on elastin and type II and type V collagens, further degrading the collagen enzyme degradation products. MMP-9 has been demonstrated to dissolve the cartilage collagen (21) . MMP-9 is the most widely expressed of all the MMPs, and it is of great importance to the physiological metabolism of connective tissue (22) . MMP-9 is not only capable of dissolving collagen types I and II, but it can also degrade gelatin, an excessive production of which eventually leads to arthritis (23) . Animal experiments revealed that an inhibitor of the MMPs was able to prevent destruction of the joints (22) . The results in the present study have shown that treatment with 30 or 45 mg/kg polydatin markedly increased the protein expression of MMP-9, increased the activities of caspases-3 and 9, and upregulated the Bcl-2/Bax signaling pathway in CIA mice. In addition, Zhang et al (24) reported that polydatin was able to reduce the expression of MMP-9 in the aortas of apolipoprotein E double-knockout mice.
Li et al (25) revealed that polydatin ameliorates burn-induced lung injury through caspase-3 activity and Bax. The findings of the present study demonstrated that treatment of the mice with polydatin against CIA exerted an antiapoptotic effect and was associated with an increase in the expression of MMP-9, although the precise mechanism has yet to be fully elucidated.
In conclusion, the effective treatment of polydatin alleviated symptoms of the disease of CIA, as demonstrated by its antioxidative and anti-inflammatory properties, the activation of MMP-9 and suppression of caspases-3/9, and upregulation of the Bcl-2/Bax pathway. In particular, the present study has identified a suitable target for the further scientific investigation of RA.
